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ABSTRACT 


Phylogenetic analyses were conducted for 73 genera of "lower" eudicots (Ranunculidae and “lower” Hamamelididae), 
magnoliid outgroups, and appropriate representatives for higher taxa within the “higher” eudicot clade (e.g., Rosidae, 
Dillenidae, Asteridae) based on sequences of three genes: the two chloroplast genes atpB and rbcL and nuclear ribo- 
somal 188 DNA. Based on the partition homogeneity test, the three data sets were relatively congruent (P — 0.13). 
The data were analyzed using heuristic parsimony searches and bootstrap analyses in three ways: individually, the two 
chloroplast sequences combined, and all three sequences combined. Both ingroup and outgroup sampling were varied 
to test the stability of the tree topology. The trees resulting from a combination of the chloroplast data and all three 
data sets had the best resolution and the strongest branch support. The following higher taxonomic groups were 
recognized with high bootstrap values (> 90%): Eudicots (including Nelumbo), Ranunculidae (including Euptelea), 
Papaverales, “core” ranunculids, a clade consisting of “lower” hamamelids and “core” eudicots, “core” eudicots (in- 
cluding caryophyllids, asterids, and rosids), Dilleniaceae, caryophyllids (including Simmondsia), and asterids. All ran- 
unculid families, including Circaeasteraceae s.l. (including Kingdonia) and Lardizabalaceae s.l. (including Sargento- 
doxa), formed well-supported monophyletic groups. Other well-supported eudicot clades were Platanus/Proteaceae, 
Buxaceae/Didymeles, Trochodendraceae/Tetracentraceae, and a group with poor internal resolution that included genera 
in Hamamelidaceae, various rosids, and Paeonia. Morphology (especially floral features) and other characteristics are 
described in some detail for well-supported clades determined by the molecular data. 
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Recent cladistic analyses of phylogenetic геја- 
tionships within angiosperms recognize two major 
clades, eudicots and monocotyledons, both nested 
within a small assemblage of “basal” dicotyledons 
at the magnoliid grade (Crane, 1989; Drinnan et 
al., 1994; APG, 1998). Eudicots are characterized 
by the possession of triaperturate or triaperturate- 
derived pollen, and monophyly of the group is fur- 
ther supported by phylogenetic analyses based on 
morphological and/or molecular data (Chase et al., 
1993; Albert et al., 1994; Doyle et al., 1994; Hoot 
& Crane, 1995; Soltis et al., 1997). Eudicots com- 
prise approximately 75% of extant angiosperm spe- 
cies (subclasses Nelumbonidae, Ranunculidae, 
Caryophyllidae, Hamamelididae, Dilleniidae, Ros- 
idae, Cornidae, Asteridae, and Lamiidae sensu 
Takhtajan, 1997). Clarification of phylogenetic pat- 
terns at the base of this clade is therefore important 
to our understanding of relationships among angio- 
sperms as a whole. 

Recent discussions have highlighted two assem- 
blages of families as potentially “basal” within the 
eudicots as a whole: the ranunculids and the “low- 
er” hamamelids (Crane, 1989; Drinnan et al., 1994: 
Hoot & Crane, 1995). Ranunculidae have some- 
times been placed within Magnoliidae (e.g., 
Ranunculales of Cronquist, 1981), largely on the 
basis of their frequently polymerous flowers (Drin- 
nan et al., 1994), but are more appropriately in- 
cluded within the eudicots because of their tria- 
perturate pollen (Takhtajan, 1997; Crane, 1989; 
Drinnan et al., 1994). “Lower” hamamelids, such 
as Trochodendron, Tetracentron, and to a lesser ex- 
tent Euptelea and Cercidiphyllum, have been 
thought to retain a variety of unmodified plesiomor- 
phic features from their putative ancestors at the 
magnoliid grade (cf. Endress, 1986; Crane, 1989). 

Because of the extreme diversity in the eudicot 
clade (ca. 175,000 species), one problem in resolv- 
ing eudicot phylogeny has been the development of 
a strategy that provides adequate representation of 
the group while at the same time allowing sample 
size to be maintained at a level that is manageable 
given currently available techniques for phyloge- 
netic analyses. To minimize sampling size, we con- 
ducted an extensive survey of phylogenetic patterns 
within the eudicot clade based on existing molec- 
ular data. We then used a “placeholder” strategy to 
represent the major eudicot groups currently rec- 
ognized. Also factored into the selection of appro- 
priate taxa were previous phylogenetic analyses of 
major ranunculid and “lower” hamamelid families, 
by us and others, which provide acceptable repre- 
sentation of large groups such as the Papaverales, 
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Ranunculaceae, and Berberidaceae (e.g., Hoot et 
al., 1995, 1997; Kim & Jansen, 1995). 

In this paper, we present the results of phylo- 
genetic analyses of the “lower” eudicots (Ranun- 
culidae and “lower” Hamamelididae) using 73 taxa 
including appropriate magnoliid outgroups and 
placeholders for higher taxa within the eudicot 
clade (e.g., Rosidae, Dillenidae). Analyses are 
based on three sequence data sets, both individu- 
ally and combined: the two chloroplast genes, atpB 
and rbcL, and nuclear ribosomal 185 DNA. Be- 
cause relationships within the magnoliid grade are 
unresolved (see below), we explore potential chang- 
es in tree topology that may result from the use of 
alternative outgroups. We also explore the effects 
on tree topology of different sampling strategies 
within the “lower” eudicot ingroup. Phylogenetic 
trees resulting from the analyses of molecular data 
are used to examine evolution of specific morpho- 
logical, anatomical, and chemical characters. 


MATERIALS AND METHODS 
TAXON SAMPLING—INGROUP 


The 73 taxa included in the analyses presented 
here were selected to maximize systematic coverage 
within the Ranunculidae, “lower” Hamamelidae, 
and other subclasses (Tables 1, 2). Unless otherwise 
noted, taxonomic groupings are as in Takhtajan 


(1997; Table 1). 


Ranunculidae. Most of the families in the ran- 
unculid complex recognized by various workers 
(Dahlgren, 1980; Cronquist, 1981; Thorne, 1992; 
Takhtajan, 1997) were included in our sampling 
(Table 1). To represent relatively large ranunculid 
families, placeholders were selected based on pre- 
vious analyses of molecular and morphological 
data. 

Pteridophyllum, Hypecoum, Dicentra, and Coryd- 
alis were chosen as placeholders for Papaverales 
based on morphological analyses (Kadereit et а|., 
1995) and combined analyses of molecular and 
morphological data sets (Hoot et al., 1997). These 
studies show a sister-group relationship between 
Pteridophyllum and all remaining Papaverales (Fu- 
mariaceae and Papaveraceae). The Fumariaceae 
(represented here by Hypecoum, Dicentra, and Co- 
rydalis) are sister to Papaveraceae s. str. 

Kingdonia and Circaeaster, frequently treated as 
monotypic families, were included as genera of un- 
certain affinities within Ranunculidae. Previous an- 
alyses have shown that together they form the sister 
group to a clade composed of Sargentodoxa and 
Lardizabalaceae (Hoot & Crane, 1995). 
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Table 1. Genera of basal eudicots sampled based on 
Magnoliidae Lardizabalales 
Magnolianae Sargentodoxaceae 
Winterales Sargentodoxa 
Winteraceae Lardizabalaceae 
Drimys Decaisnea 
Pseudowintera Sinofranchetia 
Tasmannia Menispermales 
Y p 
Illiciales Menispermaceae 
Illiciaceae Menispermum 
Illicium Tinospora 
Schisandraceae Glaucidiales 
Schisandra Glaucidiaceae 
Austrobaileyales Glaucidium 
Austrobaileyaceae Hydrastidales 
Austrobaileya Hydrastidaceae 
. . > у . 
Aristolochiales Hydrastis 
Aristolochiaceae Berberidales 
Aristolochia Nandinaceae 
Asarum Nandina 
Piperanae Podophyllaceae 
pe ph; 
Piperales Caulophyllum 
Peperomiaceae Podophyllum 
Peperomia Ranunculales 
Saururaceae Ranunculaceae 
Houttuynia Coptis 
Saururus Xanthorhiza 
Lauranae Paeoniales 
Chloranthales Paeoniaceae 
Chloranthaceae Paeonia 
Chloranthus noe 
5 Hamamelididae 
Sarcandra E 
Trochodendranae 
Nelumbonidae Trochodendrales 
Nelumbonales Trochodendraceae 
Nelumbonaceae Trochodendron 
Nelumbo Tetracentraceae 
йашшешаае Tetracentron 
Cercidiphyllales 
Ranunculanae bg 
ити Cercidiphyllaceae 
p caine Cercidiphyllum 
Pteridophyllaceae а - 
DAT, Тај Eupteleales 
Pteridophyllum А 
Иуресбасавё Eupteleaceae 
[e * 
pile Euptelea 
Hypecoum 
ауага Myrothamnanae 
Сориа Myrothamnales 
Е | Myrothamnaceae 
Dicentra ? 
побавен РИ Myrothamnus 
ааа Hamamelidanae 
7 EES | Hamamelidales 
и на Platanaceae 
Kingdoniaceae $ 
Kingdonia Platanus 
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Hamamelidaceae Ericanae 
Corylopsis Bruniales 
Disanthus Bruniaceae 
Exbucklandia Berzellia 
Hamamelis з 
Dx Rosidae 

Altingiaceae 

SIME Saxifraganae 
Altingia 2 
је Cunoniales 
Liquidambar х 
Eucryphiaceae 
Daphniphyllanae ~ 
: Eucryphia 
Daphniphyllales Te 
\ Saxifragales 
Daphniphyllaceae an 
Dashniphwll Saxifragaceae 
aphniphyllum 
а еч Heuchera 
Buxanae 
А Цеасеае 
Didymelales 
1 Пеа 
Didymelaceae + 
; Francoales 
Didymeles $ 
i Francoaceae 
Buxales F 
rancoa 
Buxaceae 
Haloragales 
Buxus 
5 Haloragaceae 
Pachysandra pe 
CNS, Haloragis 
Styloceras 
Еа Gunnerales 
Simmondsiales G 

* е yunneraceae 

Simmondsiaceae 
in Е Сиппега 
Simmondsia 

Rutanae 
Caryophyllidae Sabiales 
Caryophyllanae Sabiaceae 
Caryophyllales Sabia 

Phytolaccaceae Coriariales 
Phytolacca Coriariaceae 

Molluginaceae Coriaria 
Limeum Geranianae 

Chenopodiaceae Geraniales 
Spinacia Geraniaceae 

Polygonanae Geranium 
Polygonales Proteanae 
Polygonaceae Proteales 
Rheum Proteaceae 
dp as Placospermum 
Dilleniidae [ 
Roupala 
Nepenthanae 
Nepenthales Cornidae 

Nepenthaceae Cornanae 

Nepenthes Hydrangeales 
Dillenianae Hydrangeaceae 
Dilleniales Hydrangea 

Dilleniaceae Aralianae 
Dillenia Araliales 
Hibbertia Araliaceae 
Schumacheria Hedera 





Sargentodoxa is often assigned to a family of its 
own, usually considered to be closely related to, or 
within, Lardizabalaceae (Hoot & Crane, 1995). Sin- 
ofranchetia and Decaisnea were included as place- 
holders for Lardizabalaceae s. str. based on previ- 
ous analyses of morphological (Loconte & Estes, 
1989; Loconte et al., 1995) and molecular se- 
quence data (Hoot et al., 1995). 

We selected Tinospora and Menispermum as 


placeholders for Menispermaceae, based on their 
diverse fruit and floral morphology (Thanikaimoni, 
1984). Preliminary phylogenetic analyses of 17 
genera within the family, based on molecular data 
(atpB and rbcL), confirmed the monophyly of the 
family and the relative divergence of Tinospora and 
Menispermum (Hoot, unpublished results). 
Nandina, Caulophyllum, and Podophyllum were 
selected as placeholders for Berberidales based on 
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the frequent separation of Nandina as Nandinaceae 
(e.g., Dahlgren, 1980; Takhtajan, 1997) and the po- 
sition of Caulophyllum and Podophyllum close to 
the base of the Berberidales (Kim & Jansen, 1995; 
Nickol, 1995). 

Glaucidium, Hydrastis, Coptis, and Xanthorhiza 
were selected as representatives of Ranunculaceae 
s.l. based on extensive morphological and molec- 
ular phylogenetic studies of the family, which place 
these genera close to the base of the family (Hoot, 
1991, 1995; Johansson & Jansen, 1993; Johansson, 
1995). 


“Lower” Hamamelididae. 
melids have been only loosely defined by previous 
workers, but are generally considered to include 


The “lower” hama- 


the orders Trochodendrales (Trochodendraceae, Te- 
tracentraceae), Cercidiphyllales (Cercidiphylla- 
ceae), Eupteleales (Eupteleaceae), Myrothamnales 
(Myrothamnaceae), Hamamelidales (Platanaceae, 
Hamamelidaceae, Altingiaceae), Daphniphyllales 
(Daphniphyllaceae), Didymelales (Didymelaceae), 
Buxales (Buxaceae), and Simmondsiales (Simmond- 
siaceae), all belonging to subclass Hamamelididae 
sensu Takhtajan (1997; Table 1). With the excep- 
tion of Hamamelidaceae, Altingiaceae, and Buxa- 
ceae, each of the families included in these orders 
contains a single genus, and all were included in 
our analyses (Table 1). 

Hamamelidaceae (sensu Endress, 1989а) т- 
clude 30 genera distributed among four subfami- 
lies, of which Hamamelidoideae is the largest with 
22 genera (Endress, 1989a, 1993). Because results 
of previous phylogenetic analyses suggest that Ha- 
mamelidaceae are not monophyletic (e.g., Morgan 
& Soltis, 1993; Manos et al., 1993; Chase et al., 
1993; Qiu et al., 1998), three of the four subfami- 
lies, i.e., Hamamelidoideae, Exbucklandioideae, 
and Altingioideae, were represented in our study. 
A more detailed assessment of the monophyly of 
Hamamelidaceae and the relationships among the 
genera will require more extensive sampling within 
the family. 

Several taxa that have been identified as puta- 
tively closely related to Hamamelidaceae (sensu 
Endress, 1989a) based on recent phylogenetic anal- 
yses of molecular data were also included in our 
sampling (e.g., Chase et al., 1993; Morgan & Soltis, 
1993; Drinnan et al., 1994; Soltis et al., 1997). In 
addition to Cercidiphyllum and Daphniphyllum, 
these taxa are Saxifragaceae s. str. (equivalent to 
the Saxifragoideae of Engler, 1930, and Schulze- 
Menz, 1964, and represented here by Heuchera; 
Soltis et al., 1993; Soltis & Soltis, 1997), other gen- 
era of saxifragoid affinity (represented here by Леа), 


Hoot et al. 13 
Basal Eudicots 


Haloragaceae (represented here by Haloragis), and 
the isolated genus Paeonia (placed in Ranunculi- 
dae by Takhtajan, 1997). 

Preliminary analyses of molecular data for five 
genera and nine species of Buxales (including Styl- 
oceras) indicated three genera are appropriate as 
placeholders for the family: Styloceras, Buxus, and 
Pachysandra (Hoot, unpublished data). Cronquist 
(1981) tentatively included Buxaceae in Euphor- 
biales. However, Takhtajan's (1997) superorder 
Buxanae, which includes Didymelales, Buxales, 
and Simmondsiales, is placed in subclass Hama- 
melididae. The genus Simmondsia, which was sep- 
arated by Cronquist (1981) and Takhtajan (1997) 
from Buxaceae and placed within a monogeneric 
family, was also included in our sampling. 

Taxa that have been identified by previous phy- 
logenetic analyses (e.g., Chase et al., 1993; Wil- 
liams et al., 1994; Drinnan et al., 1994, Soltis et 
al., 1997) as putatively related to “lower” hama- 
melids were also included in the taxonomic sam- 
pling. These include Nelumbo (Nelumbonaceae), 
Roupala and Placospermum (Proteaceae), Sabia 
(Sabiaceae), and Gunnera (Сиппегасеае). 


Core eudicots. Results of recent phylogenetic 
analyses (Olmstead et al., 1992; Chase et al., 1993; 
Drinnan et al., 1994; Williams et al., 1994; Soltis 
et al., 1997) converge in identifying a large clade, 
which we term here as “core” eudicots, that in- 
cludes the majority of eudicot species diversity. 
Based on recent results derived mainly from analy- 
ses of molecular data, the core eudicots are largely 
distributed in three distinct clades: the *caryophyl- 
lids," *asterids," and *rosids" (Chase et al., 1993; 
Soltis et al., 1997), all of which were represented 
in our sampling. 

The “сагуорћу а clade," equivalent to the “car- 
yophyllids" of Search II from Chase et al. (1993) 
or the Caryophyllidae s.l. of Soltis et al. (1997), was 
represented in our analyses by genera belonging to 
five families: Polygonaceae (Rheum), Chenopodi- 
aceae (Spinacia), Molluginaceae (Limeum), Phyto- 
laccaceae (Phytolacca), and Nepenthaceae (Nepen- 
thes). Nepenthaceae have been recognized recently 
as closely related to Caryophyllidae (Albert et al., 
1992: Chase et al., 1993; Williams et al., 1994; 
Soltis et al., 1997). Because Dillenia appears as 
either sister to a largely caryophyllid clade (Chase 
et al., 1993) or closely associated with several “low- 
er" hamamelid species (Qiu et al., 1998), three rep- 
resentatives of the Dilleniaceae were included in 
our sampling: Dillenia, Hibbertia, and Schumach- 
eria. 

The “rosid clade,” corresponding to the “rosids” 
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of Search II in Chase et al. (1993) and roughly to 
the Rosidae of Soltis et al. (1997), was represented 
in our analyses by four placeholders: Francoa and 
Geranium (Rosid II), and Сопапа and Eucryphia 
(Rosid I). Genera of Hamamelidaceae, Cercidiphyl- 
lum, Daphniphyllum, and other taxa have been 
identified as forming a paraphyletic grade at the 
base of the rosid clade (e.g., Morgan & Soltis, 1993; 
Soltis et al., 1993; Williams et al., 1994) or have 
been included within the most basal group (i.e., 
"Rosid III" of Chase et al., 1993, or “Saxifragoids” 
of Soltis et al., 1997) of the rosid clade (e.g., Chase 
et al., 1993; Soltis et al., 1997; Soltis & Soltis, 
1997). 

The “asterid clade," equivalent to the “asterids” 
of Search II of Chase et al. (1993) and to Asteridae 
s.l. of Olmstead et al. (1993), was represented in 
our analyses by three placeholders. The “Cornales” 
of Olmstead (1993) or “asterid IV" clade of Chase 
et al. (1993) was represented by Hydrangea (Hy- 
drangeaceae). The “asterid II" clade of Chase et al. 
(1993), which includes the Apiales, Dipsacales, 
Asterales s.l., and several genera of varied taxo- 
nomic affinity (Olmstead et al., 1992; Olmstead et 
al, 1993; Cosner et al, 1994; Plunkett et а|., 
1996), was represented by Hedera (Araliaceae) and 
Berzelia (Bruniaceae). 


TAXON SAMPLING—OUTGROUP 


The sister-group relationships of the eudicots as 
a whole with respect to groups at the magnoliid 
grade are not resolved, and many different phylo- 
genetic arrangements have been suggested (e.g., 
Donoghue & Doyle, 1989a; Chase et al., 1993; 
Doyle et al., 1994; Soltis et al., 1997). Because of 
these uncertainties and the absence of critical eu- 
dicot features in potential outgroup taxa, rooting the 
basal eudicots is problematic (Donoghue & Doyle, 
1989b; Doyle & Donoghue, 1993). Therefore, we 
selected a broad taxonomic sample of potential 
woody and herbaceous outgroup taxa within sub- 
class Magnoliidae, representing 13 genera in eight 
families within six different orders (all sensu Takh- 
tajan, 1997): Winterales (Winteraceae), Illiciales 
(Illiciaceae, Schisandraceae), Austrobaileyales 
(Austrobaileyaceae), Aristolochiales (Aristolochi- 
aceae), Piperales (Peperomiaceae, Saururaceae), 
and Chloranthales (Chloranthaceae; Table 1). For 
the analyses presented here, Austrobaileya was des- 
ignated as outgroup, allowing for an additional 
check of eudicot monophyly (Figs. 1-6). In addi- 
tion, alternative outgroup configurations were cho- 
sen to check the effect of outgroup sampling on the 
tree topologies (described below). 


MOLECULAR METHODS 


Total cellular DNA was isolated from fresh, her- 
barium, or silica-dried material using the miniprep 
method of Doyle and Doyle (1987). The amplifi- 
cation primers and polymerase chain reaction 
(PCR) protocol are as described in Hoot et al. 
(1995). Purification of PCR product and manual 
double-stranded sequencing protocols are as de- 
scribed in Hoot (1995). Automated sequencing 
from purified PCR product was performed on an 
ABI automated sequencer (Applied Biosystems, 
Model 373A) and contigs were assembled using Se- 
quencher® 3.0 (Gene Codes Corporation). 

Sequence comparisons for atpB, rbcL, and 18S 
included 1493, 1397, and 1635 bp, respectively. 
Both strands of DNA were sequenced for all regions 
with approximately 80% overlap. Several regions 
were removed from the 18S data set due to align- 
ment and/or compression problems at the following 
positions in relation to the soybean 18S sequence 
(Eckenrode et al., 1985): 131-133, 224—231, 666- 
669, 1363-1366, and 1512-1517. In addition, 
three informative sites were removed due to com- 
pensatory changes (paired sites indicated in paren- 
theses): 734 (708), 1050 (1076), and 1074 (1052). 
See Hoot (1995) for details of data collection. 


DATA ANALYSIS 


Phylogenetic analyses with the complete sam- 
pling were performed separately on the rbcL, atpB, 
and 18S data as well as on the combined data sets 
atpB/rbcL and atpB/rbcL/18S. Analyses were per- 
formed with PAUP* 4.0d64 (kindly provided by D. 
Swofford) using the heuristic search option with 20 
random additions, TBR (tree bisection-reconnec- 
tion branch swapping), and MULPARS (retention of 
all equally parsimonious trees) in effect. Bootstrap 
analyses (Felsenstein, 1985) with 100 replications 
were perfomed on each individual and combined 
data set using the heuristic search option with sim- 
ple addition sequence. In the case of individual 
data sets (atpB, rbcL, and 18S), the maxtree limit 
of 2000 was reached on some bootstrap replica- 
tions. Alternative tree topologies and resultant 
changes in tree length were explored using Mac- 


Clade 3.0 (Maddison & Maddison, 1992). 


Alternative analyses. Several additional analy- 
ses of the combined data sets were performed as 
described above to check the effect of taxon sam- 
pling on the tree topology. Five alternative sam- 
plings were examined as follows: (1) exclusion of 
paleoherbs (Chloranthus, Sarcandra, Asarum, Aris- 


tolochia, Peperomia, Saururus, and Houttuynia; 
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Comparison of indices for the various trees illustrated in Figures 1–5. Tree length includes uninformative 


characters; consistency index (CI) excludes uninformative characters. RI = retention index, RC = rescaled consistency 


1999 

Table 3. 
index. 

No. 
No. variable informative No. of 

Data set characters characters trees 
atpB 576 435 108 
rbcL 630 431 2 
atpB/rbcL. 1206 866 6 
18S nrDNA 307 175 270 
atpB/rbcL/18S 1513 1041 15 


designated outgroup Austrobaileya); (2) exclusion of 
“woody” magnoliids (Austrobaileya, Illicium, Schis- 
andra, Pseudowintera, Tasmannia, and Drimys; 
designated outgroup Chloranthus); (3) ranunculids 
reduced to six placeholders (Euptelea, Pteridophyl- 
lum, Sargentodoxa, Menispermum, Nandina, Hy- 
drastis); (4) ranunculids reduced to three place- 
holders (Euptelea, Pteridophyllum, Hypecoum); and 
(5) separate analysis of “соге" eudicots (see Fig. 6) 
using Tetracentron and Trochodendron as outgroups. 


Congruence of data sets. Before combining the 
data sets, data (or character) congruence was as- 
sessed using the partition homogeneity test (Farris 
et al., 1995; implemented with PAUP* vers. 4.0), 
a bootstrap approach that randomly partitions char- 
acters. It tests the null hypothesis that a given par- 
tition of a data set (for example, rbcL and atpB data 
sets) represents a random partition of the data. АП 
combinations of data sets were analyzed with 100 
replicates, the heuristic search option with simple 
addition sequence, TBR, and MULPARS in effect. 
To reduce computation time, the analyses were 
done with reduced sampling (50 taxa). The follow- 
ing outgroup and placeholder taxa were omitted 
from the analyses: Schisandra, Chloranthus, Sar- 
candra, Pseudowintera, Tasmannia, Drimys, Asa- 
rum, Aristolochia, Peperomia, Saururus, Houttuy- 
nia, Berzelia, Hedera, Coriaria, Francoa, Dillenia, 


Table 4. P-values from partition-homogeneity test, 
with 100 replications for various partitions of data. To re- 
duce computation time, analyses were done with reduced 
sampling (see "Materials and Methods"). P-values of 0.05 
or more indicate that the partition of data sets is random, 
indicating congruence between data sets. 


Data sets P-value 
atpB vs. rbcL 0.41 
atpB vs. 185 0.13 
rbcL vs. 185 0.26 
atpB/rbcL vs. 185 0.21 


Length 
of trees Cl RI RC 
2233 0.34 0.59 0.23 
2478 0.31 0.54 0.20 
4744 0.32 0.56 0.21 
939 0.33 0.58 0.25 
5714 0.32 0.56 0.21 


Schumacheria, Nepenthes, Spinacia, Limeum, Phy- 
tolacca, Haloragis, and Itea. To test the effect of 
the reduced sampling, a heuristic parsimony search 
of the combined data with reduced sampling was 
performed. It resulted in a strict consensus tree (of 
six trees) that was virtually identical in topology to 
that found in the strict consensus tree with com- 
plete sampling (Fig. 6). 


RESULTS 


The number of variable and potentially phylo- 
genetically informative characters found in each 
data set, the number and length of most parsimo- 
nious trees obtained, and the consistency, retention, 
and rescaled consistency indices of the various 
analyses performed are presented in Table 3. The 
results from the incongruence tests of the reduced 
data sets are found in Table 4. The P-values re- 
sulting from the partition homogeneity test indicate 
that the data partitions are random (P-values ranges 
between 0.13 and 0.41) and that the data sets are 
reasonably congruent. 

One of the most parsimonious trees produced 
from each analysis is presented to illustrate the 
support at different nodes (Figs. 1—5). In the results 
and discussion presented here, clades with boot- 
strap values of 70% or more are regarded, provi- 
sionally, as “well supported” (Hillis & Bull, 1993). 
Tables 5 and 6 present the bootstrap support for 
various systematic groupings. 


RESULTS BASED ON THE CHLOROPLAST GENES 


The two chloroplast sequences, atpB and rbcL, 
are most congruent (P-value = 0.41, Table 4). 
Comparison of the strict consensus trees derived 
from each data set (Figs. 1, 2) indicates minor dif- 
ferences in the degree of resolution of some clades 
and some positional differences in branches with 
weak bootstrap support (< 70%). Because the data 
are congruent and topologically similar, only the 
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Austrobaileya 
Illicium 
Schisandra 
Chloranthus 
Sarcandra 
Pseudowintera 
Tasmannia 
Drimys 
Asarum 
Aristolochia 
Peperomia 
Saururus 
Houttuynia 
Euptelea 
Pteridophyllum 
Hypecoum 
Dicentra 
Corydalis 
Sargentodoxa 
Decaisnea 
Sinofranchetia 
Kingdonia 
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Menispermum 
Tinospora 
Podophyllum 
Nandina 
Caulophyllum 
Hydrastis 
Glaucidium 
Coptis 
Xanthorhiza 
Nelumbo 
Platanus 
Roupala 
Placospermum 
Sabia 
Trochodendron 


Didymeles 
Buxus 
Pachysandra 
Styloceras 
Gunnera 
Myrothamnus 
Hibbertia 
Dillenia 
Schumacheria 
Exbucklandia 
Disanthus 
Hamamelis 
Corylopsis 
Cercidiphyllum 
Altingia 
Liquidambar 
Daphniphyllum 
Paeonia 
Heuchera 
Haloragis 

Itea 
Eucryphia 
Coriaria 
Francoa 
Geranium 
Hydrangea 
Berzelia 
Hedera 
Rheum 
Nepenthes 
Simmondsia 
Spinacia 
Limeum 
Phytolacca 


One of 108 shortest trees based on the atpB sequence data. Numbers above the line indicate the number 


of nucleotide changes supporting each branch. Numbers below the branches are the percentage of times that the branch 
was recovered in 100 bootstrap replications. Dotted lines indicate branches that collapse in the strict consensus tree 


derived from multiple shortest trees. See Table 3 for tree statistics. 
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One of two shortest trees based on the rbcL sequence data. Numbers above and below the lines and 
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One of six shortest trees based on a combination of atpB and rbcL sequence data. Numbers above and 
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Cercidiphyllum 
Altingia 
Liquidambar 
Exbucklandia 
Disanthus 
Hamamelis 
Corylopsis 


below the lines and dotted lines are as in Figure 1. Node in bold indicates the well-supported core eudicot clade. See 


Table 3 for tree statistics. 
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Figure 4. Опе of 270 shortest trees based on the пг185 sequence data. Numbers above and below the lines and 
dotted lines are as in Figure 1. See Table 3 for tree statistics. 
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One of 15 shortest trees based on a combination of atpB, rbcL, and 185 sequence data. Numbers above 


and below the lines and dotted lines are as in Figure 1. Node in bold indicates the well-supported core eudicot clade. 


See Table 3 for tree statistics. 
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results of the combined chloroplast data analysis 
will be discussed here in detail (Fig. 3). 

The six trees resulting from analysis of the com- 
bined chloroplast data (atpB and rbcL) strongly 
support the monophyly of the eudicots as a whole 
(bootstrap = 98%). Within the group there are two 
major well-supported clades, the Ranunculidae (in- 
cluding Euptelea) and the “core eudicots” (Fig. 3, 
node highlighted in bold). 

In Ranunculidae, there is strong support for the 
monophyly of traditionally recognized taxa includ- 
ing Papaverales, Circaeasteraceae (including King- 
donia), Lardizabalaceae (including Sargentodoxa), 
Menispermaceae, Berberidales, and Ranuncula- 
ceae. Within Ranunculidae, Papaverales and Eup- 
telea are basal, while Berberidales and Ranuncu- 
laceae are found in a derived position. 

Within the non-ranunculid “lower” eudicots, 
there is moderate support for an expanded hama- 
melid clade (bootstrap = 79%) consisting of several 
basal eudicot lineages forming a paraphyletic se- 
ries: (1) Platanus/Proteaceae/Nelumbo, (2) Sabia, 
(3) Buxaceae/Didymeles, (4) Trochodendron/Tetra- 
centron, and (5) the core eudicots. The core eudi- 
cots are well supported (33 substitutions, bootstrap 
= 100%) and consist of a highly unresolved clade 
of “lower” hamamelids and placeholders for various 
eudicot groups (Fig. 3). The “lower” hamamelids, 
as previously suggested, are clearly polyphyletic 
(Crane, 1989; Albert et al., 1994; Chase et al., 
1993; Drinnan et al., 1994; Williams et al., 1994; 
Soltis et al., 1997; Qiu et al., 1998). 


RESULTS BASED ON 185 SEQUENCE DATA 


The consensus tree resulting from 18S nuclear 
ribosomal DNA (Fig. 4) is less resolved, and deeper 
branching patterns are less well supported (lower 
bootstrap values), than in the consensus trees re- 
sulting from the individual chloroplast data sets. 
This is highlighted in Table 5, which contrasts the 
level of support for the chloroplast and 185 data at 
the order/subclass level. Major factors contributing 
to this lack of basal support in the analyses based 
on 185 data are: less information (approximately 
half as many variable and informative sites com- 
pared to atpB and rbcL, Table 3) and a larger num- 
ber of sites in highly variable regions that exhibit 
high levels of homoplasy (Hoot, unpublished data). 
At lower taxonomic levels, however, many of the 
more terminal clades with adequate bootstrap sup- 
port are identical to those found in the cladograms 
based on the chloroplast sequence data (Table 6). 

The anomalous placement of some magnoliid 
taxa within the eudicots seen in previous analyses 


of 18S data (Nickrent & Soltis, 1995; Soltis et al., 
1997) is also found in the analysis presented here 
(Fig. 4). Interestingly, although the sampling differs 
in the two studies, two of the same families are 
involved: Aristolochiaceae and Winteraceae. In our 
18S analysis, the paleoherb order Piperales is also 
placed within the eudicots, while it remained nest- 
ed among other magnoliid groups in the Soltis et 
al. (1997) analysis. However, in both analyses, the 
branches involved in this anomalous placement of 
magnoliid taxa have bootstrap values < 50%. In- 
deed, if all branches with bootstrap values < 50% 
are collapsed, the tree (Fig. 4) reads as a highly 
unresolved polytomy with little or no information 
about higher-level taxonomic relationships. 


RESULTS BASED ON COMBINED RBCL, ATPB, AND 185 
SEQUENCE DATA 


The trees (Figs. 5, 6) based on a combination of 
all the data are very similar in topology to the trees 
derived from analyses of the data from the two chlo- 
roplast genes, but, in general, the addition of 185 
data resulted in higher bootstrap support for many 
of the branches (Tables 5, 6). Four clades are not 
supported (bootstrap values = 50%) by any of the 
individual data sets, but are supported in the com- 
bined analyses (Tables 5, 6): Circaeasteraceae/Lar- 
dizabalaceae, Rosid I & П, Nelumbo/Platanus/ 
Proteaceae, and Hamamelidaceae s. str. (1.е., Ha- 
mamelidoideae sensu Endress, 1989a, 1993). 

The results of the first four alternative analyses 
with varied taxon sampling (see “Materials and 
Methods”) were very similar in tree topology to the 
tree resulting from complete sampling (Fig. 5). 
Varying the outgroup by removing either the pa- 
leoherbs or the “woody” magnoliids resulted in 
trees with the same topology as presented in Figure 
5, except that Euptelea formed a trichotomy within 
the ranuculids when only woody magnoliids were 
used as the outgroup, whereas it was resolved as 
sister group to all ranunculids except Papaverales 
when the paleoherbs were the outgroup. Reducing 
the sample size of the ranunculids to three or six 
genera (see “Materials and Methods”) resulted in 
identical tree topologies to the tree based on com- 
plete sampling with only one exception: the tree 
based on three ranunculid genera resulted in a lack 
of resolution for Sabia in relation to other eudicots 
in the “lower” hamamelid/core eudicot clade (Fig. 
6). Analysis of just the core eudicot group (as de- 
limited in Fig. 6) using Tetracentron as an outgroup, 
resulted in one fully resolved tree. However, boot- 
strap support was < 50% for the identical branches 
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Figure 6. 


Families, orders, and subclass acronyms are listed in the first three columns (taxonomic designations according to 
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Family Order Subclass 

Austrobaileya  Austrobaileyaceae Austrobaileyales М 
Illicium Illiciaceae Illiciales M 
Schisandra Schisandraceae Illiciales M 
Chloranthus Chloranthaceae Chloranthales M 
Sarcandra Chloranthaceae Chloranthales M z 
Pseudowintera Winteraceae Winterales M 8 
Tasmannia Winteraceae Winterales M a 
Drimys Winteraceae Winterales M = 
Asarum Aristolochiaceae Aristolochiales М 
Aristolochia Aristolochiaceae Aristolochiales М 
Peperomia Peperomiaceae Piperales M 
Saururus Saururaceae Piperales M 
Houttuynia Saururaceae Piperales M. 
Pteridophyllum _ Pteridophyllaceae Papaverales RA |g 
coun Hypecoaceae Papaverales ВА |? 

icentra Fumariaceae Papaverales ВА |S 
Corydalis Fumariaceae Papaverales ВА & 
Euptelea Eupteleaceae Eupteleales H4 
Kingdonia Kingdoniaceae Circaeasterales RA 
Circaeaster Circaeasteraceae  Circaeasterales ВА 
Sargentodoxa ^ Sargentodoxaceae  Lardizabalales ВА D 
Decaisnea Lardizabalaceae Lardizabalales RA 9 5 
Sinofranchetia Lardizabalaceae Lardizabalales RA |Q 8 
Menispermum Menispermaceae  Menispermales ВА |, = 
Tinospora Menispermaceae  Menispermales ВА |® |o 
Podophyllum Podophyllaceae Berberidales RA |5 
Nandina Nandinaceae Berberidales RA |2 
Caulophyllum Podophyllaceae Berberidales ВА | 
Hyarastis Lape асова Hydrastidales ВА |^ 

laucidium Glaucidiaceae Glaucidiales RA 
Coptis Ranunculaceae Ranunculales RA 
Xanthorhiza Ranunculaceae Ranunculales RA 
Nelumbo Nelumbonaceae Nelumbonales N 
Platanus Platanaceae Hamamelidales Н А 
Roupala Proteaceae Proteales RO 5 
Placospermum Proteaceae Proteales RO $ 
Sabia Sabiaceae Sabiales RO X 
Didymeles Didymelaceae Didymelales H D 
Buxus Buxaceae Buxales H E 
Pachysandra Вихасеае Buxales H а 
Styloceras Buxaceae Buxales H = Im 
Trochodendron Trochodendraceae Trochodendrales Н o |“ 
Теігасепігоп Tetracentraceae Trochodendrales Н 5 
Myrothamnus Myrothamnaceae X Myrothamnales Н a 
Gunnera Gunneraceae Gunnerales RO 
Hydrangea Hydrangeaceae Hydrangeales — CO^12 
Berzelia Bruniaceae Bruniales D је 
Недега Araliaceae Araliales co. jg 
Сопапа Сопапасеае Coriariales RO 
Eucryphia Eucryphiaceae Cunoniales RO o 
Francoa Francoaceae Francoales RO |£. 
Geranium Geraniaceae Geraniales Ro. © 
Hibbertia Dilleniaceae Dilleniales D 
Dillenia Dilleniaceae Dilleniales D |= 
Schumacheria Dilleniaceae Dilleniales D 
Rheum Polygonaceae Polygonales СА lo lo 
Nepenthes Nepenthaceae Nepenthales о 18 |8 
Simmondsia Simmondsiaceae — Simmondsiales Н |S Im 
Spinacia Chenopodiaceae Caryophyllales СА = A 
Limeum Molluginaceae Caryophyllales CA |= |8 
Phytolacca Phytolaccaceae Caryophyllales CAJ? |“ 
Cercidiphyllum Cercidiphyllaceae Cercidiphyllales Н 
Daphniphyllum Daphniphyllaceae Daphniphyllales Н |= 
Altingia Altingiaceae Hamamelidales Н |3 
Liquidambar Altingiaceae Hamamelidales H |5 
Paeonia Paeoniaceae Paeoniales ВА |. 
Haloragis Haloragaceae Haloragales RO |g 
еа Iteaceae Saxifragales RO |<? 
Heuchera Saxifragaceae Saxifragales RO ЈЕ 
Exbucklandia Hamamelidaceae Hamamelidales Н |S 
Disanthus Hamamelidaceae Hamamelidales Н |8 
Hamamelis Hamamelidaceae Hamamelidales Н |8 
Corylopsis Hamamelidaceae Hamamelidales H 

Strict consensus tree of the 15 shortest trees obtained from the combined data (atpB, rbcL, and 18S). 
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that collapsed in the strict consensus tree derived 
with complete taxon sampling (dotted lines, Fig. 5). 


DISCUSSION 


As in other work involving the combination of 
large molecular data sets (e.g., Hoot et al., 1995, 
1997; Soltis et al., 1998), the analyses based on the 
combined data (both the combined chloroplast se- 
quences and a combination of all three sequences) 
had shorter computer run times and resulted in 
trees with better resolution and improved bootstrap 
support. The increases in resolution and support for 
groupings at the subclass and family levels are in- 
dicated in Tables 5 and 6. Of the individual data 
sets, bootstrap values and resolution were the high- 
est with atpB and rbcL sequences from the chlo- 
roplast genome and the lowest with пг185 DNA se- 
quences. In addition, the tree topology derived from 
a combination of all the data was not sensitive to 
variations in either outgroup or ingroup sampling. 
Any differences occurring as a result of various 
sampling experiments were minor and confined to 
branching patterns with weak support. 

In the following paragraphs, we briefly discuss 
the congruence of our results with previous work 
based on non-molecular characters, with an em- 
phasis on floral morphology. A more detailed mor- 
phological study of the “lower” eudicots is in pro- 
gress (Magallón & Crane). 


RANUNCULID CLADE 


A ranunculid clade, which corresponds largely 
to subclass Ranunculidae of Takhtajan (1997), is 
strongly supported (bootstrap = 97%, 19 substitu- 
tions; Fig. 5) in the combined analysis of atpB, 
rbcL, and 18S sequence data. The ranunculids are 
characterized by unusually large and homogeneous 
S, sieve element plastids (Behnke, 1995), benzyl- 
isoquinoline alkaloids of the berberine and mor- 
phine type (Jensen, 1995), and epicuticular wax tu- 
bules (also found in a few non-ranunculid families, 
including Nelumbonaceae; Barthlott & Theisen, 
1995). There are no clear synapomorphies in floral 
morphology for the Ranunculidae (Endress, 1995). 
The flowers are often large and conspicuous with 
brightly colored petals with whorled phyllotaxis, 
but there are many exceptions. A di- or trimerous 


— 


floral plan seems to be basic in the group (Drinnan 
et al., 1994). 


Euptelea. A surprising result that emerged 
from previous studies (Chase et al., 1993; Drinnan 
et al., 1994; Hoot & Crane, 1995; Soltis et al., 
1997), and that is supported by this work utilizing 
three gene sequences and more extensive sampling. 
is the inclusion of Euptelea within the ranunculid 
clade in a basal position near the Papaverales. Be- 
cause of the low bootstrap value (< 50%) in the 
total evidence tree, phylogenetic patterns involving 
Euptelea are best considered as a trichotomy that 
includes Papaverales and the remaining “core” 
ranunculids (Figs. 5, 6). 

Euptelea has traditionally been placed among the 
“lower” hamamelids, characterized by relatively in- 
conspicuous flowers (e.g., Trochodendron, Cercidi- 
phyllum; Endress, 1986; Cronquist, 1981; Takhta- 
jan, 1997). Flowers of Euptelea are small, bisexual, 
lack a perianth, and have a variable number of sta- 
mens and carpels, apparently in whorls. Develop- 
mental studies indicate that the floral primordium 
is bilaterally symmetrical (Endress, 1986), perhaps 
indicating a basically dimerous floral plan. The flo- 
ral features of Euptelea are significantly different 
from those of other Ranunculidae. One possible 
similarity between the flowers of Euptelea and sev- 
eral Ranunculales and Papaverales is a dimerous 
floral organization, but the distribution of this char- 
acter state among ranunculids and “lower” hama- 
melids is complex. There is apparently no uniquely 
derived floral feature that links this genus with Pa- 
paverales and Ranunculales. 


Papaverales. А clade corresponding to the or- 
der Papaverales of Cronquist (1981) and Takhtajan 
(1997), represented in this study by Pteridophyl- 
lum, Hypecoum, and two genera of Fumariaceae, is 
solidly supported as a monophyletic group (boot- 
strap = 100%, 34 substitutions) and appears as 
sister to all remaining ranunculids (core ranuncu- 
lids) in the strict consensus tree resulting from the 
combined three-gene analysis (Figs. 5, 6). The po- 
sition of Papaverales as sister to Euptelea and the 
core ranunculids is consistent with the results of 
previous analyses based on molecular data (Chase 
et al., 1993; Hoot & Crane, 1995; Soltis et al., 
1997), but conflicts with previous cladistic analyses 


Takhtajan, 1997). Acronyms for subclasses: CA = Caryophyllidae, CO = Cornidae, D = Dilleniidae, H = Hamame- 
lididae, M = Magnoliidae, N = Nelumbonidae, RA = Ranunculidae, RO = Rosidae. Dil. = Dilleniaceae. Brackets 
to the right indicate major taxonomic groups discussed in text. 
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Table 5. Bootstrap support (%) for various groups of order to subclass rank sensu Takhtajan (1997) found in separate 
and combined data analyses (Figs. 1–6). See Figure 6 for generic makeup of various groups. * As defined in Chase et 
al. (1993). "—" indicates bootstrap values = 50%. 











atpB/rbcl/ 
Higher taxonomic groupings atpB rbcL atpB/rbcl. 185 185 
Winteraceae/Aristolochiaceae/Piperales 90 — 84 — 90 
Piperales 98 98 100 100 100 
Eudicots + Nelumbo 98 100 LOO -- 100 
Ranunculidae + Euptelea 64. 89 98 — 97 
Papaverales 89 77 100 79 100 
Ranunculales 95 — 99 — 99 
Circaeasteraceae/Lardizabalaceae s.l. — — 56 -- 71 
Menispermaceae/Berberidaceae/Ranunculaceae s.l. 77 — 88 – 88 
Berberidaceae/Ranunculaceae s.l. 85 59 92 — 98 
Lower eudicots excluding ranunculids 64 — 79 — 77 
Hamamelididae —- — — — — 
Core eudicots (hamamelids, caryophyllids, 
asterids, rosids) 100 64 100 — 100 
Dilleniidae 100 100 100 100 100 
Rosid I & II* -— — 62 -- 88 
Asterids* 52 69 87 — 93 
Caryophyllids + Simmondsia 100 100 100 72 100 
Hamamelidales + Paeonia, Haloragis, ltea, and 
Heuchera 66 — — 78 85 


of morphological data (Loconte & Stevenson, 1991; Based on results from the combined atpB, rbcL, and 
Loconte et al., 1995), which placed Papaverales as 18S data, the latter conclusion is unparsimonious. 
sister to Ranunculaceae in a relatively derived po- Moving Papaverales into a derived position as sister 
sition with respect to other ranunculid families. to Ranunculaceae adds an additional 24 steps (total 


Table 6. Bootstrap support (%) for various clades at the family level. "—" indicates bootstrap values = 50%. 


atpB/rbcl/ 

Family-level groupings atpB rbcL atpB/rbcL 185 185 
Ilicitum/Schisandra 97 99 100 72 100 
Chloranthaceae 100 100 100 100 100 
Winteraceae 100 100 100 100 100 
Aristolochiaceae 05 — 63 74 78 
Заигигасеае 93 — 88 — 78 
Fumariaceae (including Hypecoum) 83 — 80 — 84 
Circaeasteraceae 100 98 100 100 100 
Lardizabalaceae s.l. (including Sargentodoxa) 100 97 100 80 100 
Lardizabalaceae s. str. 54 65 66 100 99 
Menispermaceae 100 98 100 69 100 
Berberidaceae (including Nandina) 100 96 100 66 100 
Ranunculaceae s.l. (including Hydrastis/Glaucidium) 86 96 94. 62 99 
Ranunculaceae s. str. 100 100 100 100 100 
NelumbolPlatanus/Proteaceae — — 69 — 62 
Platanus/Proteaceae 96 57 93 — 97 
Proteaceae 100 93 100 97 100 
Trochodendron/Tetracentron 100 100 100 90 100 
Buxaceae/Didymelaceae 89 92 100 — 100 
Buxaceae 94 100 100 — 100 
Hamamelidaceae s.l. (including Altingia/Liquidambar) — — — —- — 


Hamamelidaceae s. str. — = — — 56 
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tree length = 5714 steps); moving Ranunculaceae 
into a relatively basal position as sister to Рарау- 
erales incurs an additional 25 steps. 

Papaverales constitute a coherent group that has 
been recognized traditionally as a distinct natural 
entity, characterized by paracarpous gynoecia and 
the presence of secretory idioblasts or lacticifers 
(except for Pteridophyllum; Kadereit et al., 1995; 
Hoot et al., 1997). The flowers are bisexual and 
range from regularly symmetrical to markedly zy- 
gomorphic. They have a whorled and basically dim- 
erous, opposite-decussate organization. 

Pteridophyllum is strongly supported as sister to 
Hypecoaceae plus Fumariaceae based on the anal- 
ysis of the combined data (Fig. 5). The flowers of 
Pteridophyllum have a perianth composed of one 
pair of sepals and two pairs of petals. The androe- 
cium consists of four stamens arranged in two op- 
posite-decussate pairs, and the gynoecium has two 
connate carpels, forming a unilocular ovary. 

The sister-group relationship between Hypecoum 
and Fumariaceae is well supported (bootstrap — 
8496, 23 substitutions; Fig. 5). The flowers of Hy- 
pecoum have a similar organization to those of Pter- 
idophyllum but differ in that the stamens of the 
inner pair have anthers in which the two thecae are 
separated. The gynoecium is unilocular, formed by 
two connate carpels. 

Results of the combined three-gene analysis in- 
dicate that the two representatives of Fumariaceae 
s. str. (Dicentra, Corydalis) are monophyletic (boot- 
strap = 100%, 45 substitutions; Fig. 5). The flow- 
ers of Fumariaceae are strongly zygomorphic, which 
is clearly a synapomorphy with respect to the con- 
dition found in Pteridophyllum and Hypecoum. The 
androecium consists of two compound stamens, 
each with a central bithecal portion and two lateral 
monothecal portions. The gynoecium has two con- 
nate carpels that form a unilocular ovary. Flowers 
of Papaveraceae, which were not sampled in this 
study, are constructed upon the same basic pattern 
as those of Pteridophyllum, Hypecoum, and Fumar- 


iaceae. In some Papaveraceae, the production of 


numerous stamens and the development of multiple 
internal placentae in unilocular ovaries formed 
from one to a few carpels are clearly derived fea- 


tures (Hoot et al., 1997). 


"CORE" RANUNCULIDS 


A "core" ranunculid clade composed of Cir- 
caeasteraceae, Lardizabalaceae, Menispermaceae, 
Hydrastidaceae, Glaucidiaceae, Berberidaceae, 
and Ranunculaceae is strongly supported (bootstrap 
= 99%, 2] substitutions) in the combined analysis 


Hoot et al. 25 
Basal Eudicots 


of atpB, rbcL, and 18S sequence data (Figs. 5, 6). 
This clade corresponds approximately to the order 
Ranunculales of Cronquist (1981). Floral morphol- 
ogy in the core ranunculid group is extremely var- 
ied. Flowers may be unisexual (e.g., Lardizabala- 
ceae, Menispermaceae) or bisexual, with radial to 
bilateral symmetry. Merosity varies from dimerous 
(e.g., Circaeaster, Glaucidium) or trimerous (e.g., 
Lardizabalaceae, Menispermaceae, Berberidaceae) 
to 4—12-merous with helical or whorled phyllotaxy 
(e.g., Ranunculaceae). Hypogyny and apocarpy are 
characteristic of this group. 

Circaeasteraceae s.l. Сігсаеаѕіег and Kingdonia 
form a moderately well-supported sister group to 
Lardizabalaceae and Sargentodoxa (bootstrap — 
71%, 12 substitutions) in the tree resulting from a 
combination of all the data (Fig. 5). Morphological 
comparisons of Circaeasteraceae with Sargentodoxa 
and Lardizabalaceae s. str. (e.g., Decaisnea and 
Sinofranchetia) reveal little similarity in vegetative 
and floral features. Significant differences between 
Circaeasteraceae s.l. and Lardizabalaceae s.l. are 
also reflected in the unusually long branches as- 
sociated with Circaeasteraceae and its two genera, 
Circaeaster and Kingdonia (Figs. 1—5). 

Circaeaster and Kingdonia form an extremely 
well-supported monophyletic group (bootstrap — 
100%, 91 substitutions; Fig. 5). This is consistent 
with past interpretations (Foster, 1961, 1963; Ox- 
elman & Liden, 1995), but conflicts with sugges- 
tions that Kingdonia should be placed within Ran- 
unculaceae in a position close to Anemone (Tamura, 
1962, 1995; Kosuge et al., 1989). Based on our 
combined data set, moving Kingdonia to the base 
of Ranunculaceae s.l. (represented here by four 
genera) adds 82 steps to the shortest tree length. 
Experiments involving a larger sampling of Ran- 
unculaceae are similarly unparsimonious (Hoot, 
unpublished results). 

In terms of floral organization and life history, 
Circaeaster and Kingdonia differ markedly. The 
flowers of Circaeaster are usually bisexual, with a 
whorled phyllotaxy and irregular floral merosity. 
Most flowers have a perianth of two or three undif- 
ferentiated tepals, two stamens, and one carpel (Hu 
et al., 1990). The flowers of Kingdonia are bisexual, 
also with irregular and variable floral merosity. 
Flowers are apparently based on a helical phyllo- 
taxy (Kosuge et al., 1989; Drinnan et al., 1994). 
There are 5 to 7 undifferentiated tepals, 8 to 12 
external staminodes, 3 to 6 internal stamens, and 
5 to 8 helically arranged carpels. In addition, Cir- 
caeaster is an annual and Kingdonia is a perennial, 
rhizomatous plant. However, the dichotomous ve- 
nation in the leaves of both genera is one clear and 
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remarkable morphological character that unites 
Circaeaster and Kingdonia. 


Lardizabalaceae. The monophyly of Lardiza- 
balaceae s. str. and the sister-group relationship of 
Sargentodoxa to Lardizabalaceae are both strongly 
supported (bootstrap = 99% and 100%, respec- 
tively; Figs. 5, 6). Lardizabalaceae s. str. are mon- 
oecious or dioecious. The flowers have a whorled 
phyllotaxy with regular symmetry. The perianth 
usually consists of six petaloid sepals and six pet- 
als, each arranged in two whorls. The petals are 
thought to be staminodial in origin (Drinnan et al., 
1994). In staminate flowers, the androecium usually 
consists of six stamens that are opposite the petals, 
and pistillodes may be present. Pistillate flowers 
usually have three free carpels, but in some genera 
there may be more. Species of Sargentodoxa are 
andromonoecious or dioecious and have flowers 
with 48—90 helically arranged, free carpels (Cron- 
quist, 1981; Wu & Kubitzki, 1993). 


Menispermaceae. Menispermaceae is well sup- 
ported as sister to a clade consisting of Berberi- 
daceae and Ranunculaceae s.l. (bootstrap = 88%, 
17 substitutions; Figs. 5, 6) and as a monophyletic 
family (bootstrap = 100%, 38 substitutions). Men- 
ispermaceae share a trimerous floral construction 
with most Berberidaceae but differ in being dioe- 
cious. The perianth is formed by relatively differ- 
entiated sepals and petals, organized in two whorls 
of three sepals and two whorls of three petals. The 
staminate flowers have six stamens in two whorls, 
and the pistillate flowers have mostly three (occa- 
sionally one to six) free carpels in one or more 
whorls, forming an apocarpous gynoecium. 


Berberidaceae. The sister-group relationship 
between Berberidaceae and Ranunculaceae s.l. (in- 
cluding Hydrastis and Glaucidium) is stable and 
strongly supported (bootstrap = 98%, 18 substitu- 
tions; Fig. 5). This relationship is also supported 
by an important phytochemical character, the pres- 
ence of the isoquinoline alkaloid berberine in Ber- 
beridaceae and the basal members of Ranuncula- 
(Hegnauer, 1966; Jensen, 1995). 
Molecular data provide no support for a sister-group 
relationship between Berberidaceae and Papaver- 


ceae s.l. 


aceae proposed on the basis of several shared mor- 
phological characters (i.e., gynoecium congenitally 
closed to the level of the stigma, placentae pro- 
truding-diffuse in some genera, fruit dehiscence 
transverse; Endress, 1995). 

The placeholders for Berberidaceae form a 
strongly supported monophyletic group in the anal- 
yses presented here (bootstrap = 100%, 39 sub- 
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stitutions; Figs. 5, 6). The typically trimerous flow- 
ers of Berberidaceae are bisexual with regular 
symmetry and whorled phyllotaxy. The perianth 
consists of one or more whorls of three sepals, and 
one or more whorls of three petals, which may or 
may not have nectaries. Morphological differentia- 
tion between sepals and petals is not very strong. 
There are usually six stamens, apparently in two 
whorls of three, and opposite the petals. The gy- 
noecium consists of two or three carpels, but is 
pseudomonomerous. 


Ranunculaceae s.l. 
ship between Ranunculaceae and Hydrastis/Glau- 
cidium (bootstrap = 99%, 29 substitutions; Fig. 5) 
derived from our data supports previous classifi- 
cations and phylogenetic analyses based on mor- 
phological and molecular characters (Hoot, 1991, 
1995). Given the strongly supported phylogenetic 
pattern among Lardizabalaceae, Menispermaceae, 


The sister-group relation- 


and Berberidaceae, it is more parsimonious to sup- 
pose a basically trimerous condition for the flowers 
of Ranunculaceae (including Hydrastis and Glau- 
cidium) that has been modified within Ranuncula- 
ceae into a dimerous or pentamerous plan. The 
flowers of Hydrastis show a tendency toward trimery 
with a perianth of three tepals (sometimes two or 
four). Glaucidium, sister to Hydrastis, has bisexual, 
dimerous flowers with an opposite-decussate plan 
that consists of four tepals arranged in two pairs; 
numerous, spirally arranged stamens, and two par- 
tially fused carpels. 

Floral morphology is diverse within Ranuncula- 
ceae, but most taxa have bisexual hypogynous flow- 
ers with regular symmetry and floral organs fre- 
quently arranged in a helical phyllotaxy on the 
floral receptacle. The innermost organs of the peri- 
anth are thought to be staminodial in nature (Ta- 
mura, 1965). The perianth parts may be in threes, 
fives, or variable numbers. The stamens and carpels 
are numerous, and the gynoecium is apocarpous. 


"LOWER" HAMAMELID GRADE 


Placed between the ranunculid clade, which 
constitutes a basal eudicot lineage, and the core 
eudicot clade, which includes the majority of the 
taxonomic diversity within the eudicots, is a para- 
рћујенс grade that includes taxa of "lower" Ha- 
mamelididae and other affinities, which we term 
here the “lower” hamamelid grade (Fig. 6). There 
appear to be no universal morphological features 
shared among the independent lower hamamelid 
lineages and the core eudicots and, in spite of the 
limited number of lineages and species within the 
lower hamamelid grade, the disparity in floral form 
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and structure encompassed by these lineages is 
considerable. The flowers belonging to the lower 
hamamelid lineages may have a conspicuous peri- 
anth (e.g., Nelumbo), a perianth formed by small, 
bract-like organs (e.g., Buxaceae), or no perianth 
(e.g., Trochodendron). The androecium may consist 
of few (e.g., Tetracentra) to numerous (e.g., Nel- 
umbo) stamens, and the gynoecium may be formed 
of few to many free or fused carpels. The ovaries 
are superior, with the exception of Trochodendrales 
(with the basal part of the ovary embedded in the 
floral receptacle). Floral merosity may be dimerous, 
tetramerous, pentamerous, or irregular, either by 
presumed reduction or increase in the number of 
floral organs. With the exception of Sabiaceae, the 
perianth is not differentiated into a single whorl of 
sepals and a single whorl of petals, apparently a 
plesiomorphic feature which also occurs in several 
lineages of the ranunculid clade. The generalized 
absence of a differentiated perianth (as described 
above) among basal eudicot lineages suggests that 
the perianth has not yet developed the specialized 
level of organization that characterizes the core eu- 
dicots. 


Nelumbo/Platanaceae/Proteaceae. One of the 
main lineages of the lower hamamelid grade is a 
weakly supported clade (bootstrap = 62%, 15 sub- 
stitutions) comprising Nelumbo, Proteaceae, and 
Platanaceae (Figs. 5, 6). The somewhat unexpected 
relationship of Nelumbo with Platanaceae/Protea- 
ceae, and with non-magnoliid dicotyledons as a 
whole, has been previously suggested in other phy- 
logenetic analyses (e.g., Chase et al., 1993; Drin- 
nan et al., 1994). The placement of Nelumbo within 
the eudicots is supported by the observation that it 
produces (usually) tricolpate pollen grains (diag- 
nostic of eudicots). Floral organization in Nelumbo 
is unique. The flowers are large, conspicuous, bi- 
sexual, and hypogynous, with irregular merosity. 
The perianth consists of greenish sepals arranged 
in opposite-decussate pairs, and numerous con- 
spicuous petals arranged helically on the floral axis 
(Moseley & Uhl, 1985). The numerous stamens 
continue the helical phyllotactic pattern of the pet- 
als. The 2 to 30 carpels are free from one another, 
but embedded in a modified, terminally expanded, 
floral receptacle. 

Proteaceae and Platanaceae are well supported 
as sister taxa (bootstrap = 97%, 21 substitutions; 
Fig. 5). There are several interesting similarities 
among the flowers of Proteaceae and Platanaceae, 
especially when considering fossil platanoids. Pro- 
teaceae have bisexual flowers with whorled рћу!- 
lotaxy and a superior ovary. Except for the gynoe- 
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cium, floral merosity is tetramerous. The perianth 
consists of a single whorl of four tepals. The an- 
droecium has four stamens, each placed opposite 
one tepal, and the gynoecium consists of a single 
carpel. The flowers of Platanus are unisexual, in- 
dividually inconspicuous, and grouped in compact, 
strictly unisexual, spherical inflorescences. Al- 
though sepals and petals have been described, mor- 
phological differentiation between the two types of 
organs is ambiguous. Staminate flowers typically 
have four stamens. Pistillate flowers have a variable 
number of reproductive organs. Several fossils at- 
tributed to Platanaceae on the basis of a distinctive 
combination of characters have flowers with rela- 
tively conspicuous perianth parts and fixed tetram- 
ery (Magallón-Puebla et al., 1997) or pentamery 
(e.g., Manchester, 1986; Friis et al., 1988; Crane 
et al., 1993). Developmental studies of the pistillate 
flowers of extant Platanus have also revealed an 
initially tetramerous organization (A. W. Douglas, 
pers. comm.). The occurrence of a basically tetram- 
erous organization in the flowers of Platanus, to- 
gether with the discovery of tetramerous fossil flow- 
ers apparently referable to Platanaceae, provides 
morphological links with Proteaceae, suggesting the 
possibility that this condition was shared by these 
two families and has subsequently been modified 
one to several times within Platanaceae. 


Sabiaceae. While the inclusion of the genus 
Sabia in the basal eudicot grade has been sup- 
ported by this work and previous phylogenetic anal- 
yses (e.g., Chase et al., 1993; Drinnan et al., 1994), 
its exact placement with respect to other basal eu- 
dicot lineages is not securely resolved. The sister- 
group relationship of Sabia and all remaining eu- 
dicots is weakly supported in the trees derived from 
the combined data (bootstrap « 5046, 10 substi- 
tutions; Fig. 5). The flowers of Sabia exhibit several 
seemingly derived features, and those of Meliosma, 
included in Sabiaceae (e.g., Cronquist, 1981) or 
segregated into its own family within Sabiales 
(Takhtajan, 1997), display several modifications 
presumably derived from the pattern in Sabia. 
Flowers of Sabia are bisexual (or rarely unisexual), 
hypogynous, pentamerous, with whorled phyllotaxy 
and regular symmetry. The perianth has one whorl 
of apparently bract-like sepals, and one whorl of 
relatively elongate petals. The androecium consists 
of one whorl of five stamens, and a 4- or 5-lobed 
disk between the androecium and corolla has been 
reported (Li, 1993). The gynoecium consists of two 
to three carpels (Li, 1993). The organs in the two 
perianth whorls and in the androecium are opposite 
one another. Flowers of Meliosma exhibit a modi- 
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fied pentamerous plan that resembles trimery. Sa- 
biaceae are the only family among the basal eudicot 
lineages to have flowers with a perianth consisting 
of a single whorl of sepals and a single whorl of 
petals, organized under a pentamerous plan. Be- 
cause of these seemingly advanced features, which 
appear equivalent to the condition found in the 
flowers of core eudicots (see below), a clear under- 
standing of the phylogenetic placement of Sabi- 
aceae with respect to other basal eudicot lineages 
(and especially the core eudicot lineages) becomes 
critical to understanding the pattern of floral evo- 
lution in core eudicots. 


Didymelaceae/Buxaceae. The genus Didymeles, 


endemic to Madagascar, is confirmed as a well-sup- 
ported sister group to Buxaceae (bootstrap = 
100%; Figs. 5, 6). А close relationship between 
Didymeles and Buxaceae had been proposed pre- 
viously based on morphological (e.g., Takhtajan, 
1997) and molecular characters (Qiu et al., 1998). 
Didymeles is dioecious; the staminate flowers are 
reported as being dimerous, lacking a perianth, and 
with two opposite stamens. The pistillate flowers are 
described as unicarpellate, lacking а perianth or 
with bract-like tepals, and placed in opposite pairs 
or in groups of three (Cronquist, 1981; Takhtajan, 
1997). Preliminary observations of the pistillate 
flowers of D. madagascarensis Willd. show that the 
pistillate flowers consist of opposite bracts or bract- 
like tepals at the tip of a pedicel. There is usually 
one large carpel subtended by one of the tepals; 
the opposite tepal is empty. However, in several 
specimens, each of the tepals subtends a carpel, 
one smaller than the other. The dimerous organi- 
zation of the staminate flowers of Didymeles, and 
the general aspect of the carpels, suggest similari- 
ties with Buxaceae. More detailed comparisons are 
currently in progress (Magallón, in prep.). 
Buxaceae are strongly supported as monophylet- 
ic in the results of the combined analysis of the 
three data sets. Within Buxaceae, the sister-group 
relationship between Pachysandra and Styloceras, 
and the placement of Buxus as sister to this clade 
are both strongly supported (bootstrap = 100%, 32 
substitutions and bootstrap = 100%, 22 substitu- 
tions, respectively; Fig. 5). The inflorescences of 
Buxaceae usually include both staminate and pis- 
tillate flowers. The staminate flowers are organized 
in a dimerous, opposite-decussate plan. The peri- 
anth is weakly differentiated from the inflorescence 
bracts, and two or three pairs of tepals are present. 
The androecium is composed of two or three pairs 
of stamens, and the staminate flowers contain a 
central pistillode. The pistillate flowers are difficult 


to delimit because there is no clear-cut morpholog- 
ical distinction between the opposite-decussate 
pairs of inflorescence bracts and the helically ar- 
ranged tepals. Typically there are three (rarely two) 
carpels united in a syncarpous ovary. 


Trochodendrales. | Buxaceae and Didymeles form 
a well-supported sister group to Trochodendrales 
and the core eudicots (bootstrap = 88%, 17 sub- 
stitutions; Fig. 5). However, the relationship of Tro- 
chodendrales as sister group to the core eudicots is 
not supported (bootstrap < 50%, 9 substitutions), 
and it seems best to consider the phylogenetic 
placement of Trochodendrales as yet unresolved 
within the lower hamamelid grade. However, a sis- 
ter-group relationship between Trochodendron and 
Tetracentron is solidly supported in the combined 
three-gene analysis (bootstrap = 100%, 34 substi- 
tutions; Fig. 5). 

Although superficially different, the flowers of 
Trochodendron and Tetracentron share several dis- 
tinctive attributes. Both genera have bisexual flow- 
ers with semi-inferior ovaries. The flowers of Tetra- 
centron are clearly constructed on a dimerous plan 
with four tepals and four stamens arranged in op- 
posite-decussate pairs. The gynoecium consists of 
four carpels, basally embedded in the floral recep- 
tacle and placed diagonally with respect to the te- 
pal and stamen pairs. The flowers of Trochodendron 
are different from those of Tetracentron, but there 
is some indication that they are derived from an 
originally dimerous plan. Early in floral develop- 
ment, the floral meristem is bilaterally symmetrical. 
The perianth is absent in adult flowers, but two 
small, irregularly placed scales between the pro- 
phylls and the androecium have been interpreted 
as possible remains of a reduced perianth (Endress, 
1986). The androecium is composed of numerous, 
irregularly arranged stamens. The gynoecium con- 
sists of several to many (4 to 17) collaterally ar- 
ranged carpels which are embedded proximally in 
the floral receptacle. The pattern of carpellary fu- 
sion, the mode of fruit dehiscence, and especially, 
the presence of a nectarial surface on the abaxial 
surface of the carpels and the absence of vessels 
in the wood (Endress, 1986), are some of the fea- 
tures shared by these two genera. 


"CORE" EUDICOTS 


The strong support for the “core” eudicot clade 
(including Myrothamnus and Gunnera; bootstrap = 
100%, 37 substitutions) is one of the most signifi- 
cant results from our combined analysis of atpB, 
rbcL, and 185 sequence data (Figs. 5, 6). A similar 
clade was found in other phylogenetic analyses 
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based on one gene and/or with less thorough sam- 
pling of the basal eudicot taxa (e.g., Olmstead et 
al., 1992; Chase et al., 1993; Drinnan et al., 1994; 
Williams et al., 1994; Soltis et al., 1997). Except 
for the inclusion of Myrothamnus (not sampled in 
previous studies) and Gunnera, our “core” eudicot 
clade is comparable to the “higher eudicots" гес- 
ognized by Chase et al. (1993). 

The strict consensus tree obtained from the com- 
bined analysis of the three-gene data sets (Fig. 6) 
recognizes a major polytomy of the following rela- 
tively well-supported clades within the core eudi- 
cots: (1) an asterid clade consisting of placeholders 
Hydrangea, Berzelia, and Hedera; (2) a clade equiv- 
alent to “rosid I and П” in search II of Chase et 
al. (1993), consisting of the four relatively derived 
placeholders Francoa, Geranium, Coriaria, and Eu- 
cryphia; (3) a caryophyllid clade plus Dilleniaceae 
(Rheum, Nepenthes, Simmondsia, Spinacia, Li- 
meum, Phytolacca, Hibbertia, Dillenia, and Schu- 
macheria); and (4) a hamamelid/Saxifragales clade 
(Cercidiphyllum, Daphniphyllum, Altingia, Liquid- 
ambar, Paeonia, Haloragis, Пеа, Heuchera, Ех- 
bucklandia, Disanthus, Hamamelis, and Corylopsis) 
comparable to the rosid III clade of Chase et al. 
(1993) and the “saxifragoids” of Soltis et al. (1997). 
The poorly supported and unstable phylogenetic 
patterns among the major clades of the core eudi- 
cots (Figs. 5, 6), together with the conflicting pat- 
terns of relationships obtained in independent anal- 
yses (e.g., Chase et al., 1993; Morgan & Soltis, 
1993; Williams et al., 1994; Soltis & Soltis, 1997), 
suggest that relationships among these major clades 
are currently best expressed as a polytomy. 

Floral morphology among the core eudicots is ex- 
tremely diverse. However, the core eudicot floral 
groundplan apparently consists of a whorled phyl- 
lotaxy with a fixed number of organs in each whorl 
(usually five in calyx and corolla, five or ten in the 
androecium, and two in the gynoecium) and alter- 
nation in the radial placement of organs of adjacent 
floral whorls. The perianth consists of а single 
whorl of sepals and a single whorl of petals that are 
morphologically differentiated from each other. 


Myrothamnus/Gunnera. The sister-group rela- 
tionship of Myrothamnus and Gunnera is not well 
supported (bootstrap = 62%, 17 substitutions; Fig. 
5) and these two genera are best thought of as form- 
ing an unresolved polytomy with clades that in- 
clude the remaining core eudicots. These two gen- 
era differ greatly in vegetative and reproductive 
morphology. Myrothamnus is a shrub with small, 
xeromorphic, fan-like leaves. The plants are dioe- 
cious, and the flowers have a perianth generally 
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formed by four bract-like tepals. The androecium 
consists of four stamens, apparently arranged in a 
single whorl. The pistillate flowers have three or 
four carpels that are basally fused and distally free, 
and are reported to alternate with the tepals (En- 
dress, 1989b; Kubitzki, 1993). 

Gunnera consists of herbaceous plants that pro- 
duce tiny (e.g., G. magellanica Lam.) to gigantic 
leaves (e.g., 6. chilensis Lam.). The flowers аге usu- 
ally unisexual, apparently dimerous, and epigy- 
nous. The perianth is formed by two or three small 
sepals and two petals that are larger than the se- 
pals. The androecium consists of one or two sta- 
mens, and the gynoecium of two fused carpels. The 
placement of organs with respect to those of neigh- 
boring whorls is not well understood. 


Caryophyllids/Dilleniaceae. The phylogenetic 
placement of Dilleniaceae within the core eudicots 
has been problematic (e.g., Chase et al., 1993; Mor- 
gan & Soltis, 1993; Rice et al., 1997). In this study, 
a sister-group relationship between Dilleniaceae 
and the caryophyllid clade is supported (bootstrap 
= 74%, 22 substitutions; Figs. 5, 6). The cary- 
ophyllids and Dilleniaceae are each supported as 
monophyletic with high bootstrap values (100%; 
Fig. 5). The genus Simmondsia, frequently classi- 
fied close to Buxaceae, although generally regarded 
as constituting a monotypic and somewhat isolated 
family (e.g., Cronquist, 1981; Takhtajan, 1997), ap- 
pears within the caryophyllid clade in a weakly 
supported sister-group relationship with Caryophyl- 
lales (bootstrap = 68%, 21 substitutions; Fig. 5). 
A close relationship between Simmondsia and the 
Centrospermae (i.e., Caryophyllales) was proposed 
by van Tieghem (1897) and is supported by paly- 
nological, chemical, and microstructural characters 


(Jarvis, 1989). 


Hamamelids/Saxifragales. In our analysis of 
the combined three-gene data sets, the “hamame- 
lid/Saxifragales" clade is recognized as a monophy- 
letic group with moderate support (bootstrap — 
8596, 16 substitutions; Fig. 5). The occurrence of 
the hamamelid/Saxifragales clade as an indepen- 
dent lineage within the core eudicots has been re- 
ported in analyses that include a broad sample of 
eudicots (e.g., Rice et al., 1997). Alternatively, the 
hamamelids/Saxifragales have been resolved as sis- 
ter to a largely rosid clade (e.g., Chase et al., 1993; 
Soltis et al., 1997). Most clades within the hama- 
melid/Saxifragales clade are poorly supported 
(bootstrap < 70%; Fig. 5). The only clades with 
reliable support are: Disanthus/Hamamelis/Cory- 
lopsis (Hamamelidaceae), Altingia/Liquidambar 
(Altingiaceae), and Paeonia/Haloragis. 
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CONCLUSIONS 


The analyses presented here were designed to 
explore the pattern of phylogenetic relationships at 
the base of the eudicot clade. Data from rbcL, atpB, 
and 185 genomic sequences were analyzed inde- 
pendently and in combination to provide an as- 
sessment of phylogenetic patterns among an exten- 
sive representation of previously identified basal 
eudicot taxa, as well as selected representatives of 
more derived clades. Because phylogenetic pat- 
terns among major angiosperm lineages and the sis- 
ter-group relationships for the eudicot clade are not 
yet resolved, the outgroup comprised a taxonomi- 
cally broad selection of magnoliid lineages, includ- 
ing herbaceous and woody representatives. Analy- 
ses in which different magnoliid taxa were used as 
outgroups documented the stability of ingroup phy- 
logenetic patterns. 

Analyses of rbcL, atpB, combined rbcL/atpB, and 
combined rbcL/atpB/18S sequence data support the 
previously detected basic structure of the eudicot 
clade, with the ranunculid clade (Papaverales and 
Ranunculales) forming the sister group to all other 
eudicots (“lower” hamamelids plus core eudicots). 
Within the *lower" hamamelid/core eudicot clade 
several independent lineages, mostly of "lower" 
Hamamelididae, constitute a grade leading to a ma- 
jor clade, the core eudicots. The core eudicots in- 
clude taxa of Caryophyllidae, Dilleniidae, Rosidae, 
and Asteridae, as well as some additional genera 
of “lower” Hamamelididae. The use of placeholders 
to represent the ranunculid clade did not have any 
major effect on the pattern of relationships among 
the remaining basal eudicots. 

Among previously suggested phylogenetic pat- 
terns that were confirmed by this study are: the 
placement of Euptelea within the ranunculid clade; 
the close relationship of Berberidaceae to Ranun- 
culaceae rather than Papaverales; the inclusion of 
Nelumbo within the eudicot clade and its placement 
among the lineages of the "lower" hamamelid 
grade; and the detection of major caryophyllid, as- 
terid, and rosid clades within the core eudicot 
clade. A result that emerged in other phylogenetic 
analyses, but which is not universally supported, is 
the presence of a hamamelid-rosid clade (hama- 
melids/Saxifragales, Fig. 6) separate from more de- 
rived rosids, forming an independent branch within 
the core eudicot clade. The sister-group relation- 
ship of Didymeles with Buxaceae and the close re- 
lationship of Simmondsia with Caryophyllales, both 
of which had been suggested previously based on 
traditional analysis of morphological evidence, are 
strongly supported by our molecular results. 
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Although this study provides considerable infor- 
mation about phylogenetic patterns at the base of 
the eudicot clade, issues that still require resolution 
include: the placement of Sabiaceae among the 
basal eudicot lineages; whether the hamamelid/ 
Saxifragales clade is part of the main rosid clade 
or constitutes an independent lineage within the 
core eudicots; and the monophyletic status of the 
Hamamelidaceae (sensu Endress, 19894). 
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